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The methanol-induced conformational transitions under acidic conditions for b-lactoglobulin,
cytochrome c, and ubiquitin, representing three different classes of proteins with b-sheets,
a-helices, and both a-helices and b-sheets, respectively, are studied under equilibrium
conditions by electrospray ionization mass spectrometry (ESI-MS). The folding states of
proteins in solution are monitored by the charge state distributions that they produce during
ESI and by hydrogen/deuterium (H/D) exchange followed by ESI-MS. The changes in charge
state distributions are correlated with earlier studies by optical and other methods which have
shown that, in methanol, these proteins form partially unfolded intermediates with induced
a-helix structure. Intermediate states formed at about 35% methanol concentration are found
to give bimodal charge state distributions. The same rate of H/D exchange is shown by the two
contributions to the bimodal distributions. This suggests the intermediates are highly flexible
and may consist of a mixture of two or more rapidly interconverting conformers. H/D
exchange of proteins followed by ESI-MS shows that helical denatured states, populated at
around 50% methanol concentration, transform into more protected structures with further
increases in methanol concentration, consistent with previous circular dicroism studies. These
more protected structures still produce high charge states in ESI, similar to those of the fully
denatured proteins. (J Am Soc Mass Spectrom 2001, 12, 317–328) © 2001 American Society
for Mass Spectrometry
Folding of globular monomeric proteins to theirnative conformations can occur through partiallyfolded intermediates. Characterizing the proper-
ties of these intermediates can contribute to under-
standing protein folding mechanisms [1–4]. Folding
experiments can be classified as “kinetic” and “equilib-
rium.” In kinetic experiments, folding or unfolding is
initiated, and the time course of folded, unfolded, and
intermediate conformations is followed. In equilibrium
experiments, which are described here, the concentra-
tion of a denaturant is changed and the populations of
folded, unfolded, and intermediates are measured at
equilibrium.
Many small single domain proteins fold coopera-
tively in a single transition. In this case the populations
of partially folded intermediates are low, typically less
than 5% [5], making it difficult to study the intermedi-
ates. One recent approach to generating partially folded
intermediates is to use nonaqueous solvents. Alcohols
destabilize the tertiary structure of a protein [6–8] and
stabilize helical structure [9–12] and thus alcohols can
be used to induce partially folded intermediates of
proteins. The alcohol-denatured states of a number of
proteins have been found to have some properties
similar to those of molten globule states [11, 13, 14].
Alcohol-induced conformational transitions are also of
interest because it has been argued that alcohol induced
intermediates have properties similar to partially dena-
tured proteins near membrane surfaces where the pH
and dielectric constant are low [15–18].
Techniques such as circular dicroism (CD), fluores-
cence, absorption spectroscopy, calorimetry, viscome-
try, small angle X-ray scattering (SAXS), and NMR have
been used to study alcohol-induced conformational
changes in many proteins [18 and references therein].
Additional and complementary information can be ob-
tained from electrospray ionization mass spectrometry
(ESI-MS), either from charge state distributions or from
H/D exchange with mass measurement by ESI-MS
[19–23]. During the ESI process [24] an unfolded pro-
tein generally produces more highly protonated charge
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states than the same protein in the native state. This has
been attributed to the increased availability of basic
amino acid residues for protonation or, alternatively,
increased surface area of the unfolded protein [25].
Chowdhury et al. [26] first showed striking differences
between the charge state distributions formed by a
native and a denatured protein and demonstrated that
ESI-MS can be used to probe the conformational
changes of proteins. The effects of pH, heat, solution
composition, and intramolecular disulfide bonds on
protein conformation have been studied by ESI-MS
[27–31]. Recently, time resolved mass spectrometry has
been used to study the changes in protein conforma-
tions during unfolding reactions [32–34]. However,
systematic studies of ESI-MS to probe the conforma-
tional transitions of proteins in the presence of organic
solvents have not been reported.
Alcohol-induced transitions for b-lactoglobulin [11,
17, 35, 36], cytochrome c [15, 16], and ubiquitin [37, 38]
have been characterized in detail by optical spectros-
copy and other methods. These studies concluded that
at about 30% v/v alcohol, these proteins form compact
denatured conformations. These proteins have also
served as model proteins for numerous equilibrium and
kinetic folding studies. Kinetic studies have shown that
nonnative a-helices are accumulated during the folding
of b-lactoglobulin [39]. Compact intermediate states
with molten globule characteristics, induced by metha-
nol, have been observed for cytochrome c and b-lacto-
globulin under acidic conditions [15–17, 35]. Small
angle X-ray scattering and other spectroscopic methods
have shown that at high concentrations of alcohols
(around 50%–60%) many proteins under acidic condi-
tions transform into a helical denatured state, which is
an expanded and flexible broken rodlike conformation
with high a-helical content [18].
In this work, we have studied the methanol-induced
transitions of b-lactoglobulin, cytochrome c, and ubiq-
uitin by ESI-MS because these represent three different
classes of proteins with b-sheets, a-helices, and both
a-helices and b-sheets, respectively. The effects of
changes in protein conformation in the presence of
different methanol concentrations on the charge state
distributions in ESI-MS are reported. The protein con-
formations produced in the presence of various concen-
trations of methanol have also been studied by H/D
exchange, followed by ESI-MS. As expected, the charge
state distributions are sensitive to the alcohol-induced
conformation changes of the proteins. Previously iden-
tified folding intermediates are found to produce bi-
modal charge state distributions in ESI-MS. H/D ex-
change shows that helical denatured states, formed at
around 50%–60% methanol concentration, further
transform into more compact or protected structures
with the addition of more methanol. However these
structures still produce high charge states in ESI, similar
to those of the fully denatured proteins.
Experimental
b-Lactoglobulin A, horse heart cytochrome c, and ubiq-
uitin were from Sigma (St. Louis, MO) and Ac-Ala-Ala-
Ala-OMe was from Calbiochem-Novabiochem (San Di-
ego, CA). The proteins and peptide were used without
further purification. HPLC grade methanol, acetic acid,
and hydrochloric acid were from Fisher Scientific (Ne-
pean, ON, Canada). All the deuterated solvents were
from Aldrich Chemical (Milwaukee, WI).
pH Measurements
Solution pH was measured with an Accumet meter
(model 15, Fisher Scientific). The pH values of the
protein solutions containing 0.1% acetic acid in H2O/
CH3OH were adjusted by adding HCl. The pH values
in D2O/CD3OD solvent were adjusted by adding DCl
and are given as pD. The reported pH values are not
corrected for methanol but are corrected for the isotopic
effects (pD 5 pH meter reading 1 0.4) [40].
Reduction of Disulfide Bonds
To reduce b-lactoglobulin, a mixture of 0.5 mM protein,
10 mM tris-HCl (pH 8.6), and 20 mM DTT was incu-
bated at 60 °C overnight. The solution was extensively
dialyzed against 20 mM HCl before analysis by ESI-MS.
Mass Spectrometry
For ESI-MS measurements the protein concentrations
were 10 mM. Protein ions were generated by pneumat-
ically assisted ESI at a liquid flow rate of 2 mL/min and
mass analyzed on a quadrupole mass spectrometer
constructed in house [20]. The ESI source was operated
at 14600 V. All H/D exchange and ESI-MS experiments
were carried out at room temperature (21 6 2 °C) (the
same temperature as previous optical studies). The
voltage difference between the ion sampling orifice and
rf-only quadrupole was 140 V. For ESI-MS measure-
ments of H/D exchange rates, proteins were first dis-
solved in deionized H2O at pH 2.0 for b-lactoglobulin
and ubiquitin and at pH 3.0 for cytochrome c. The H/D
exchange was then initiated by diluting the 1 mM
protein solution 200-fold into different concentrations
of CD3OD in D2O at the desired pD. The sample
solutions were immediately infused into the spectrom-
eter and the degree of deuterium incorporation was
deduced from the protein’s mass shift during the time
course of the experiment. A small mass range (30 m/z)
encompassing an ion of selected charge state, normally
the ion with the maximum intensity, was scanned
continuously with 0.1 Da step size and a 10 ms dwell
time, leading to a scan time of 3 s. The small mass range
and fast scan times were used during these experiments
to ensure high quality data, especially for early times
when the mass changes rapidly. The calculated molec-
ular weight and hence the degree of deuterium incor-
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poration for each time point could be obtained. No
attempt was made to prevent the fast exchanging
deuterium atoms from re-exchanging with hydrogens
in the laboratory air.
Results
b-Lactoglobulin
b-Lactoglobulin is a b-barrel protein and one of the
most extensively studied proteins with respect to pro-
tein folding and in the presence of alcohols. For b-lac-
toglobulin, at pH 2.0, two methanol-induced transitions
have been reported [17]. The charge state distributions
in ESI-MS of b-lactoglobulin at pH 2.0 at different
methanol concentrations are shown in Figure 1. At 0%
methanol the protein shows a relatively narrow distri-
bution of charge states ranging from 71 to 111, with 81
being the most intense peak (Figure 1A). Increasing the
concentration of methanol up to 30% does not change
the charge state distribution except for the appearance
of high charge states with low intensity (Figure 1B).
Addition of 35% methanol transforms the protein into
an intermediate state with loss of tertiary interactions
and an increase in a-helices [17]. This intermediate state
produces a bimodal charge state distribution in ESI-MS
(Figure 1C). One distribution is centered at 81, similar
to that of the native protein sprayed from an aqueous
solution, and a second is centered at the 131 charge
state. Such a bimodal character is often attributed to a
mixture of (partially) folded and unfolded protein con-
formers co-existing in solution [20, 22, 26, 32, 41]. At
methanol concentrations above 50%, the high charge
states dominate the ESI mass spectrum with a charge
state distribution centered at 131 (Figure 1D). The
native structure of b-lactoglobulin is stabilized by two
disulfide bonds. The mass spectrum for the reduced
protein at pH 2.0 shows higher charge states with a
maximum centered at 181 (Figure 1E).
The H/D exchange of b-lactoglobulin at different
concentrations of methanol was measured at pD 2.0.
The results are shown in Figure 2. There is very little
increase in the exchange rate up to 20% methanol. There
is slight increase in the exchange rate at 30% suggesting
that the protein has started to become slightly more
open. At 35% methanol, where the charge state distri-
bution is bimodal, the exchange is substantially in-
creased compared to the native state but lower than that
of the fully denatured protein. At 50% the exchange rate
is almost equal to that of the disulfide reduced dena-
tured state. This shows that at 50% methanol the protein
goes into a denatured state. Further increases in the
methanol concentration result in reduced exchange
rates and at 90% methanol the exchange is similar to
that of the native protein. Figure 2B shows the number
of hydrogens exchanged at 60 min versus methanol
concentration. At 35% methanol, where the charge state
distribution is bimodal, H/D exchange was measured
on the 81 and 131 charge states (representing the two
charge envelopes). The measured rates of exchange for
these two states are equal.
Cytochrome c
Cytochrome c is a typical a-helical protein (containing
six a-helices) and the folding and alcohol induced states
of cytochrome c have been studied extensively. For
cytochrome c, at pH 3.0, two methanol-induced transi-
tions have been reported [16]. The mass spectra of
cytochrome c at various conditions are shown in Figure
3. The ESI mass spectrum of cytochrome c at pH 3.0
(native state) shows a narrow charge state distribution
with a maximum at 91 which is a characteristic of
tightly folded proteins (Figure 3A). Increases in the
methanol concentration up to 15% do not change the
mass spectrum. However, at 20%, higher charge states
appear with low intensity (Figure 3B). Addition of 25%
methanol to cytochrome c at pH 3.0 induces a compact
denatured conformer (IM) with molten globule charac-
teristics [16]. The mass spectrum of IM (Figure 3C)
shows a dramatic change to a bimodal charge state
distribution with maxima at 91 and 161, one like that
from the native state and the other like that from the
denatured protein. At methanol concentrations above
50%, the protein transforms into an expanded and
highly helical denatured conformation [16]. The mass
spectrum for the helical denatured state shows a charge
state distribution similar to that of acid denatured
cytochrome c at pH 2.0 with a maximum at 161 (Figure
3D, E, respectively). There is no change in the charge
state distribution above this concentration of methanol.
To further understand the various conformations of
cytochrome c in the presence of methanol we have
carried out H/D exchange studies in D2O at pH 3.0 at
different methanol concentrations and also at pH 2.0.
The results are shown in Figure 4. Horse heart cyto-
chrome c contains a total of 198 exchangeable hydro-
gens. The number of hydrogens exchanged as a func-
tion of time for different concentrations of methanol is
shown in Figure 4A. Under the native conditions (0%
methanol) around 126 hydrogens are exchanged in 1 h.
When the methanol concentration is increased to 20%
the amount of exchange remains similar to that of the
native conformation. This suggests that under these
conditions the protein is still in a compact nativelike
conformation. When the concentration of methanol is
increased to 25% where an intermediate conformation is
populated, almost, 155 hydrogens are exchanged sug-
gesting that the intermediate state is more flexible than
that of the native state. At 50% methanol, where the
protein is in a denatured state with a high a-helix
content [16], the number of hydrogens exchanged is
similar to that of the acid denatured state. With further
increases in methanol beyond 70% the hydrogen ex-
change rate decreases to the level of the native state.
This suggests that at high concentrations of methanol,
cytochrome c again adopts a compact protected struc-
ture. At 25% methanol, where the charge state distribu-
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Figure 1. ESI mass spectra of b-lactoglobulin at pH 2.0 in 0% (a), 30% (b), 35% (c), and 60% (d)
methanol and for the disulfide reduced protein at pH 2.0 (e). The protein concentration was around
10 mM. Notation: 81 is b-lactoglobulin 1 8 H1, etc.
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tion is bimodal, H/D exchange was measured on the 81
and 161 charge states (representing the two charge
envelopes). The measured rates of exchange for these
two states are equal.
Ubiquitin
As an example of another class of protein, we have
studied the methanol-induced conformational changes
in ubiquitin at pH 2.0. Ubiquitin is a small protein with
no disulfide bonds that contains an a-helix and 4 b
strands. At pH 2.0, with no methanol, ubiquitin is in its
native conformation and the ESI mass spectrum shows
a narrow charge state distribution with 51 being the
most intense peak (Figure 5A). When the concentration
of methanol is increased there is no change in the mass
spectrum up to a concentration of 25%. At 30% (Figure
5B) high charge states appear along with the low charge
states. At 35% methanol (Figure 5C) the mass spectrum
Figure 2. (a) The number of H/D exchanges as a function of time, at different concentrations of
methanol for b-lactoglobulin at pD 2.0. (b) The number of H/D exchanges in 1 h at different
concentrations of methanol.
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changes dramatically to a bimodal distribution with
maxima at 51 and 101. Further increases in methanol
concentration above 45% (Figure 5D) produce a charge
state distribution similar to that of the unfolded protein,
with high charge states with a maximum around 101.
H/D exchange of ubiquitin at pH 2.0 in the presence
Figure 3. ESI mass spectra of cytochrome c at pH 3.0 in 0% (a), 20% (b), 25% (c), and 60% (d)
methanol and for the unfolded protein at pH 2.0 (e). The protein concentration was around 10 mM.
Notation: 81 is cytochrome c 1 8H1, etc.
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of various amounts of methanol was studied. Ubiquitin
contains a total of 144 labile hydrogens with 72 on the
side chains and 72 on the backbone. Figure 6A shows
the total number of hydrogens exchanged as a function
of time. The number of hydrogens exchanged in 60 min
in the presence of various amounts of methanol is
shown in Figure 6B. Up to 25% methanol there is little
change in the number of hydrogens exchanged after 60
min. From 30% to 50% there is an increase in the
number of hydrogens exchanged. Further increases in
methanol result in a reduced exchange of hydrogens
suggesting that as the concentration is increased the
molecule is transformed into a more compact or pro-
tected conformation. At 35% methanol, where the
charge state distribution is bimodal, H/D exchange was
measured on the 51 and 101 charge states (representing
the two charge envelopes). The measured rates of
exchange for these two states are equal.
Figure 4. (a) The number of H/D exchanges as a function of time for cytochrome c, at different
concentrations of methanol at pD 3.0. For the denatured protein, the pD was 2.0 in H2O. (b) The
number of H/D exchanges in 1 h at different concentrations of methanol for cytochrome c at pD 3.0.
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Discussion
ESI-MS studies for the methanol-induced conforma-
tional transitions of the three proteins studied here
show that for the native protein relatively low charge
state distributions are obtained, as expected. For the
protein conformations at intermediate concentrations of
methanol (25%–40%), where folding intermediates are
accumulated, the charge state distributions are bimodal,
with one charge distribution similar to that formed by
the native state and the other similar to that formed by
the denatured state. Further increases in the concentra-
Figure 5. ESI mass spectra of ubiquitin at pH 2.0 in 0% (a), 30% (b), 35% (c), and 60% (d) methanol.
The protein concentration was around 10 mM. Notation: 61 is ubiquitin 1 6H1, etc.
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tion of methanol to around 50%–60% transform the
proteins into helical denatured states [16–18]. High
charge state distributions are obtained for the helical
denatured proteins. These distributions are similar to
those produced by unfolded proteins. The bimodal
charge state distribution which is produced at interme-
diate concentrations of methanol could be formed from
two different conformations in equilibrium [20, 26, 32,
41]. However extensive optical spectroscopic studies of
the folding intermediates have led to the conclusion
that a single unique conformation is formed [15–18].
The H/D exchange experiments were used to search
for two co-existing conformations at intermediate meth-
anol concentrations and also to study the various con-
formations produced at different methanol concentra-
tions. Use of H/D exchange in combination with NMR
Figure 6. (A) The number of H/D exchanges as a function of time, at different concentrations of
methanol for ubiquitin at pD 2.0. (B) The number of H/D exchanges in 1 h at different concentrations
of methanol.
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or ESI-MS to study protein conformation is discussed in
[42–45]. If, in solution, there are two conformations that
do not interconvert, these generally will exchange dif-
ferent numbers of hydrogens and two peaks will be
formed in the ESI-MS spectrum (EX1 behavior). If in
solution there are two conformations that interconvert
rapidly relative to the H/D exchange rate, a single peak
which shifts in mass with time will be formed in ESI-MS
(EX2 behavior) [45–48].
The H/D exchange shows that under conditions
where a bimodal charge state distribution is formed,
either a single intermediate is formed, or there is a
mixture of conformations that interconvert rapidly rel-
ative to the exchange rate which is on the time scale of
minutes. (H/D exchange is relatively slow at the pH
range used here.) It is possible the intermediate is
flexible, converting between relatively folded and un-
folded states. This would appear in optical spectro-
scopic studies as an intermediate state with the time
average properties of the proteins. Similar behavior has
been seen for apomyoglobin at pH 7 in the presence of
10 mM ammonium acetate [22]. A bimodal charge state
distribution is produced that shows the same exchange
rate for low and high charge states. Less pronounced
bimodal distributions have also been seen for interme-
diates in the equilibrium acid denaturation of apomyo-
globin [21]. Taken together, these data suggest that
what appears as a single folding intermediate in optical
studies may consist of two or more rapidly intercon-
verting conformers.
The rates of deuterium incorporation at various
concentrations of methanol are generally consistent
with expectations from the optical spectroscopy studies
reported earlier [16–18]. For native conformations the
exchange rate is low, consistent with the proteins being
in tightly folded conformations. In highly folded pro-
teins, the unexchanged hydrogens are on the backbone,
involved in hydrogen bonding to form the secondary
structure, or on side chains inside the protein. In H/D
exchange experiments, more open protein conformers
with reduced hydrogen bonding and/or increased sol-
vent accessibility show more rapid deuterium exchange
than do the more stable conformers [41]. For the inter-
mediate states at about 30% methanol, the exchange
rates are higher than the native states but significantly
less than that of the fully unfolded states. As discussed,
this is consistent with either a single intermediate state
or a mixture of rapidly interconverting states, one with
a high exchange rate and a second with a low exchange
rate. For the a-helical denatured state populated at
around 50% methanol, the exchange rate is similar to
that of the unfolded state, suggesting that the helical
denatured states are quite flexible and open, like un-
folded states [18].
Further increases in methanol do not change the
charge state distribution in ESI-MS. However, the H/D
exchange rates decrease and at 90% methanol concen-
tration they are similar to the rates observed for the
native proteins. The slow exchange observed at high
concentrations of methanol relative to the exchange
rates at 50% methanol suggests protection of exchange-
able hydrogens due to the presence of persistent more
protected structures. This observation is not attributed
to the changes in intrinsic exchange rates by the replace-
ment of D2O with methanol. The effects of organic
solvents (up to 50%) on the hydrogen exchange of
acetamide were investigated by Englander et al. [49]
who found that organic solvents have only a small
effect on acid catalyzed exchange rates (base catalyzed
exchange rates are considerably decreased). Thus the
organic solvents used in our experiments are not ex-
pected to affect the H/D exchange kinetics because the
studies here are done at acidic pH. As well, it has been
shown recently that the decrease in exchange rates for
gramicidin A in the presence of trifluoroethanol (TFE) is
due to a change in conformation in the presence of TFE,
not due to the decrease in exchange rates due to the
replacement of D2O with TFE [50]. Similar results have
been found for bradykinin, a-melanocyte stimulating
hormone, and mellitin where the reduced H/D ex-
change rates in presence of organic solvents (up to 99%
concentration) were attributed to persistent structure,
not to the replacement of D2O by organic solvent [23]
(the unstructured 10 residue peptide poly-D,L alanine
showed no significant changes in exchange rate be-
tween 80% and 99% methanol).
To further investigate this, the H/D exchange of the
peptide Ac-Ala-Ala-Ala-OMe was measured at pD 3.0
and pD 2.0 in 50% and 90% CD3OD. The protonated
peptide has four exchangeable hydrogens and was not
expected to have any secondary protected structure. It
was found that at pD 3.0 in 50% and 90% methanol,
three hydrogens exchanged in less than 5 min, and a
fourth did not exchange in 1 h. At pD 2.0 in 50%
methanol four hydrogens exchanged in less than 1 min
and in 90% methanol three hydrogens exchanged in less
than 1 min, while a fourth did not exchange in 1 h. The
reasons for the slow exchange of one hydrogen are not
understood, but may be related to failure to correct the
pD readings for methanol. It is also possible the peptide
can fold to protect one hydrogen at pD 3.0 and 2.0 in
90% methanol (an NMR study could confirm this).
Nevertheless, the results show that the intrinsic time to
exchange an unprotected hydrogen in 90% methanol in
this pD range is similar to that in 50% methanol, i.e., a
few minutes at pD 3.0 and less than 1 min at pD 2.0. The
much longer exchange times of the proteins are there-
fore attributed to protected structures.
It is well established that many proteins transform
into helical denatured states at high concentrations of
organic solvents [16, 18]. Based on small angle X-ray
scattering studies, the Akasaka group has recently
shown that a variety of helical denatured proteins in
60% methanol have radii of gyration, which are close to
those of urea denatured states [18]. Our H/D exchange
results are consistent with these observations, as the
exchange rates at around 50%–60% methanol are simi-
lar to those of the denatured states. The decreases in
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H/D exchange rates with further increases in methanol
are also consistent with previous CD data. From the
[u]222 values of the CD spectra of b-lactoglobulin [17],
cytochrome c [16], and ubiquitin [37] the helix content
of the proteins can be estimated using the procedure of
Chen et al. (eq 14 of [51]). At pH 2.0 in 30% methanol,
b-lactoglobulin is calculated to have 37% helix structure
and in 90% methanol, 95% helix structure. At pH 3.0
and 50% methanol, cytochrome c is calculated to have
40% helix structure and in 90% methanol, 62% helix
structure. For ubiquitin, the pH at which CD spectra
were recorded [37] was not given, but the spectra show
an increase from 26% helix structure in 35% methanol to
62% helix structure in 90% methanol (because the pH
was not given the ubiquitin CD results may not apply to
this work). These helix contents in 90% methanol are
greater than those of the native proteins (b-lactoglobu-
lin, 7%; cytochrome c 40%, ubiquitin 16% [11]) and
indicate the formation of nonnative helices which pro-
tect against H/D exchange to an extent that happens to
be similar to that of the native conformation.
The transformation of proteins in the presence of
methanol can therefore be described as follows:
Native Protein~N! 7 Intermediate state ~IM! 3 Helical Denatured State ~H! 3 Helical Denatured Protected State ~Hc!
(0 to Low alcohol) (Moderate amounts of alcohol) (High amounts of alcohol) (Very high amounts of alcohol)
Intermediate states of proteins, IM, where the tertiary
interactions are lost and secondary structural elements
are present, are characterized by bimodal charge state
distributions. This indicates that the intermediates are
highly flexible with rapidly interconverting states.
These bimodal charge state distributions may be a
characteristic of intermediate states in general where
the tertiary interactions are lost and secondary struc-
tural elements are present. H/D exchange rates suggest
that at very high concentrations of methanol (around
80%–90%) proteins transform into more protected struc-
tures. However, these compact protected structures still
produce high charge states, similar to those of fully
denatured proteins.
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